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ABSTRACT
The multimodel Global Land–Atmosphere Coupling Experiment (GLACE) identified the semiarid
Southern Great Plains (SGP) as a hotspot for land–atmosphere (LA) coupling and, consequently, land-
derived temperature and precipitation predictability. The area including and surrounding the U.S. De-
partment of Energy Atmospheric Radiation Measurement (ARM) SGP Climate Research Facility has in
particular been well studied in the context of LA coupling. Observation-based studies suggest a coupling
signal that is much weaker than modeled, if not elusive. Using North American Regional Reanalysis and
North American LandData Assimilation System data, this study provides a 36-yr (1979–2014) climatology of
coupling for ARM-SGP that 1) unifies prior interdisciplinary efforts and 2) isolates the origin of the (weak)
coupling signal. Specifically, the climatology of a prominent convective triggering potential–low-level humidity
index (CTP–HIlow) coupling classification is linked to corresponding synoptic–mesoscale weather and atmo-
spheric moisture budget analyses. The CTP–HIlow classification defines a dry-advantage regime for which
convective triggering is preferentially favored over drier-than-average soils as well as a wet-advantage regime
for which convective triggering is preferentially favored over wetter-than-average soils. This study shows that
wet-advantage days are a result of horizontal moisture flux convergence over the region, and conversely, dry-
advantage days are a result of zonal and vertical moisture flux divergence. In this context, the role of the land is
nominal relative to that of atmospheric forcing. Surface flux partitioning, however, can play an important role in
modulating diurnal precipitation cycle phase and amplitude and it is shown that soil moisture and sensible heat
flux are significantly correlated with both occurrence and intensity of afternoon peak precipitation.
1. Introduction
The diurnal cycles of air temperature, clouds (hu-
midity), and precipitation are fundamental yet complex
features of regional weather and climate. They must be
accurately modeled in order to capture the persistence
of drought and prolonged wet events. A model with pre-
mature convective triggering (i.e., precipitation that is too
frequent, too light, and peaks during daytime; e.g., Ruane
and Roads 2007; Sun et al. 2006), for example, will tend to
artificially lock in dry conditions because of increased in-
filtration and reduced runoff, enhanced evapotranspira-
tion, and accelerated drying (Entekhabi et al. 1996;
Seneviratne et al. 2006). The predictability of diurnal cy-
cles in meteorological parameters is constrained by the
highly variable land–atmosphere (LA) interactions (Ek
and Mahrt 1994, their Fig. 1) that underlie them.
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LA coupling refers to the strength at which anomalies
in local (10–100 km) land states (e.g., soil moisture and
surface skin temperature) feed back on local- to regional-
scale climate via surface flux partitioning [for a review,
see Seneviratne et al. (2010)]. The overarching concept is
that the land serves as both the source and sink of at-
mospheric variability. The precise sign and magnitude of
the coupling varies spatially from local (5–10km) to re-
gional scales (400km; e.g., Hohenegger et al. 2009) and
temporally from daily to weekly time scales (Betts 2004;
Koster et al. 2003; Taylor and Ellis 2006), modulated
by background synoptic weather (i.e., convergence–
divergence, monsoons, and cloud fields) and larger-scale
(i.e., ocean–atmosphere) dynamics. During periods of
weak synoptic forcing, the influence of the local (10–
100 km) land state can be particularly strong. The
strongest manifestation of LA coupling is convective
rainfall triggering, or soil moisture–precipitation (SM–
P) feedback. In their seminal work, Findell and Eltahir
(2003) used daytime [0600–2000 Central Standard Time
(CST)] precipitation as the objective criterion for fixing
coupling regime classification thresholds.
The LA coupling process chain (e.g., Santanello et al.
2011) is initiated via the sensitivity of surface turbulent
heat fluxes to SM. Variations in sensible and latent heat
fluxes (SH and LH, respectively) at the land surface, and
their interplay with free atmospheric conditions at the
top of the planetary boundary layer (PBL), in turn affect
near-surface thermodynamics and stability, as well as
cloud and PBL heights (Betts 1992, 2009; Ek and
Holtslag 2004; Santanello et al. 2007, 2009, 2011; Wood
1991). Under so-called dry-advantage conditions, strong
sensible heating may trigger convection by raising the
PBL to the level of free convection (LFC; Gentine et al.
2013). Wetzel et al. (1996), in a study in the Oklahoma
area, found that cumulus clouds form first over drier,
more sparsely vegetated areas. Similarly, Westra et al.
(2012) reported observational evidence of moistening at
the PBL top over dry soils near Niamey, Niger, during
the 2006 African Monsoon Multidisciplinary Analyses
(AMMA) intensive observational campaign. And last, a
9-yr global study conducted by Taylor et al. (2012) using
satellite remote sensing microwave soil moisture and
precipitation estimates revealed a widespread tendency
for enhanced afternoon precipitation over drier soils,
particularly over Africa and Australia.
Under so-called wet-advantage conditions, strong la-
tent heating (and decreased sensible heating) can trigger
convection by lowering the PBL height and increasing
PBL moist static energy (MSE). If the LFC and lifting
condensation level (LCL) are lowered far enough, then
they will meet the PBL top and trigger convection
(Aires et al. 2014; Findell and Eltahir 2003). Findell et al.
(2011) showed that high evaporation rates in moisture-
rich areas east of the Mississippi River and in Mexico
increased the probability of afternoon rainfall. The LA
coupling process chain is the reason why SM initialization
can improve surface air temperature and precipitation
short- (i.e., 12–60h; Kumar et al. 2008; Peters-Lidard
et al. 2007; Santanello et al. 2011) to long-range seasonal
forecast skills [Global Land–Atmosphere Coupling
Experiment, version 1 (GLACE-1; Koster et al. 2004);
Global Land–Atmosphere Coupling Experiment–Coupled
Model Intercomparison Project (GLACE-CMIP;
Seneviratne et al. 2013); and Global Land–Atmosphere
Coupling Experiment, version 2 (GLACE-2; van den
Hurk et al. 2011)].
Ten years ago, the Global Energy and Water Cycle
Experiment (GEWEX; http://www.gewex.org/) GLACE
(Guo et al. 2006; Koster et al. 2004, 2006) spotlighted the
Southern Great Plains (SGP) for being one of three
hotspots globally for land-derived precipitation pre-
dictability. Since then, theGLACE results have served as
the underlying motivation for numerous subsequent LA
coupling studies over the SGP domain. What makes the
SGP a prime region for SM–P feedbacks is the height-
ened sensitivity of the region’s shallow-rooted vegetation,
and thus, surface heat fluxes, to SM constraints coupled
with the fact that the magnitude of the related surface
heat flux changes are substantial enough to have an effect
on precipitation (e.g., Dirmeyer 2011). Local point-scale
studies have been carried out for the U.S. Department of
Energy (DOE) Atmospheric Radiation Measurement
(ARM) Southern Great Plains (hereafter, ARM-SGP;
Mather andVoyles 2013)ClimateResearchFacility using
surface meteorological and surface flux measurements
for periods of 4 (Dirmeyer et al. 2006) and 12 years
(Phillips and Klein 2014). Regional pentad- to monthly-
scale moisture budget analyses have been carried out
using atmospheric reanalysis and ARM-SGP observa-
tions for periods of 4 (Lambet al. 2012) and 7 years (Ruiz-
Barradas and Nigam 2013). A synoptic-dynamic analysis
of afternoon precipitation frequencywas conducted using
atmospheric reanalysis for a period of 10 years (Ford et al.
2015a). Finally, regional limited-duration (2–7 days)
coupled Weather Research and Forecasting (WRF)
Model sensitivity experiments have been conducted (i.e.,
Erlingis and Barros 2014; Santanello et al. 2009, 2011,
2013a,b).
A gap analysis of these prior studies reveals the need
for an analysis using multidecadal data that will 1) place
the climatology of daily regional LA coupling in the
context of daily synoptic-scale weather and 2) provide a
comprehensive characterization of the LA coupling
contribution to variations in the diurnal cycle of pre-
cipitation. This study was designed to meet this need.
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Specifically, we adopt a multiscale approach that integrates
a local-scale (50–400km) land perspective with a synoptic-
scale (;1000km) atmospheric perspective to provide a
unique and comprehensive characterization of dry- andwet-
advantage land–atmosphere coupling events in the SGP.
This study is organized as follows. First, a climatology
of land–atmosphere coupling over the SGP is compiled
for the most recent 36 years (1979–2014) in the context
of the convective triggering potential–low-level humid-
ity index (CTP–HIlow) classification framework from
Findell and Eltahir (2003). The framework distinguishes
between atmospheric conditions for which convective
initiation occurs preferentially according to soil mois-
ture dry or wet anomalies (dry or wet advantage), as well
as those conditions for which the role of land is negli-
gible. Second, the coupling climatology is reinterpreted
through the perspective of composite weather maps and
regional atmospheric moisture budget analyses to un-
derstand in a broader context the synoptic conditions
responsible for sustaining dry- and wet-coupling re-
gimes, respectively. Third, the coupling climatology is
interrogated for a local land-driven afternoon peak
precipitation signal, a critical underpinning of the CTP–
HIlow classification framework. This activity highlights
characteristics that distinguish afternoon peak pre-
cipitation days from climatology, which in the SGP is
nocturnal peak precipitation. Note that climatologically
the SGP has a nocturnal precipitation peak. Finally, a
search is conducted among 17 common convection,
surface flux, and mesoscale environmental variables,
for a morning-to-noon variable subset that can explain
same-day afternoon peak precipitation occurrence and
intensity. This search will address whether afternoon
peak precipitation occurrence and intensity are pre-
dictable at short range (i.e., 8–13 h). While several var-
iables may explain afternoon peak precipitation
occurrence and intensity, this study is explicitly focused
on identifying the strongest explanatory variables in
coupled land–atmosphere environments.
2. Data and methods
The study region is a 4.58 latitude (500 km) 3 4.58
longitude (405 km) box (34.358–38.858N, 95.258–
99.758W) centered on the ARM-SGP Climate Research
Facility in Lamont, Oklahoma (36.68N, 97.58W). The
region is semiarid and spans a west–east gradient in
annual precipitation from 74 to 98 cmyr21 (Fig. 1a). The
SGP is recognized as one of the GLACE (Guo et al.
2006; Koster et al. 2004, 2006) top three ‘‘hotspots’’
globally for land–atmosphere coupling (i.e., land-derived
weather predictability). Climate projections for the
region include earlier and shorter springs, longer and
drier summers (Hidalgo et al. 2009; Melillo et al. 2014;
Stewart et al. 2004), and enhanced land–atmosphere
coupling (Dirmeyer et al. 2013). In this study, we focus
temporally on the warm season, May–September
(MJJAS), during the 36-yr period from 1979 to 2014.
We use hourly precipitation, surface (0–10 cm) soil
moisture, and surface sensible and latent heat flux esti-
mates from phase 2 of the 0.1258 North American Land
Data Assimilation System (NLDAS-2) primary forcing
dataset (P; Xia et al. 2012) and Noah model output
dataset (SM, SH, and LH; Ek et al. 2003). NLDAS-2P is
temporally disaggregated into hourly fields from the
U.S. Climate Prediction Center (CPC) Parameter-
Elevation Regressions on Independent Slopes Model
(PRISM)-adjusted (Daly et al. 1994, 2008) 0.1258 daily
gauge-only P analysis by Weather Surveillance Radar-
1988 Doppler (WSR-88D)-based P; 8-km CPC morph-
ing technique (CMORPH; Joyce et al. 2004) P; or North
American Regional Reanalysis (NARR; Mesinger et al.
2006)-simulated P, based on availability (in order). All
other data are taken from the 3-hourly, 32-km, 29-
pressure-level NARR. Specifically, the following
convection-related metrics are computed from NARR
for a parcel with maximum equivalent potential temper-
ature below 3000m above ground level (AGL): convec-
tive available potential energy (CAPE), convection
inhibition (CIN), LCL, and LFC (Colman 1990). To in-
vestigate the atmospheric preconditioning of LA coupling
by the synoptic environment, we analyze NARR: total
column–integrated precipitable water vapor (PWV), 975–
700-hPa (hereafter, low level) atmospheric moisture
budget, 850-hPa geopotential height zg, 850-hPa meridi-
onal wind y850, specific humidity q at 850hPa, and the 850–
700-hPa environmental lapse rate, the rate of change of
temperature T with height z between 850 and 700hPa
(dT/dz). For reference, Frye and Mote (2010) classified a
day as stable or synoptically benign if 850–700-hPa dT/dz
was less than 6.0Kkm21 and unstable or synoptically
primed otherwise. Frye and Mote (2010) also used a
12ms21 1200 UTC (0600 CST) 850-hPa wind speed
threshold to determine the presence of the Great Plains
low-level jet (LLJ; e.g., Bonner 1968; Stensrud 1996).
LLJs occur on 25%–50% of June–August (JJA) days
(Song et al. 2005) and represent the principal mecha-
nism by which moist and unstable air from the Gulf of
Mexico is advected hundreds of kilometers northward
into the Great Plains, where it ultimately becomes pre-
cipitation (e.g., Helfand and Schubert 1995; Higgins et al.
1997). Ford et al. (2015a) found that afternoon precipi-
tation falls preferentially over wet soils when the LLJ is
absent and preferentially over dry soils when the LLJ is
present. We use 0600 UTC (0000 CST) y850 in this study
because we believe it best captures the 0100–0400 CST
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LLJ peak southerly winds (Song et al. 2005). Addition-
ally, we compute a nocturnal low-level jet (NLLJ) index,
following Rife et al. [2010, their Eq. (1)]. The NLLJ
quantifies the degree of vertical and temporal variation in
wind speeds between approximately 500 and 4000m
AGL (taken as 925 and 600hPa, respectively) and local
midnight and local noon.
The other metrics (above) are considered at 0600
CST, consistent with the time of CTP–HIlow coupling
classification, with the exception of radiation-related
metrics: SH, LH, net available radiation (A 5 SH 1
LH), and evaporative fraction (EF 5 LH/A), which are
not reliably stable until 1200 CST. NLDAS-2 and
NARR variables are regridded from their native reso-
lutions to 0.58. Unless otherwise noted, all referenced
values are SGP domain-averaged quantities and statis-
tical significance is evaluated on the basis of a two-tailed
Student’s t test at the 95% confidence level.
At large scales, there is little difference between
the NARR and NLDAS-2 P because NARR assimi-
lates similar gauge data sources (Mesinger et al. 2006).
However, surface water and energy partitioning (i.e.,
runoff ratio and evaporative fraction) can vary sub-
stantially between NARR, which uses an earlier version
of Noah (version 2.6), and NLDAS-2 Noah, which uses
an improved version (version 2.8; e.g., Sheffield et al.
2012; Smith et al. 2012; Wei et al. 2013). For this reason,
NLDAS-2 Noah is used for surface and near-surface
states and fluxes. Because of the assimilation of upper-
air observations and the limited time memory (relative
to the land surface) of the atmospheric column, we hold
that any surface-driven atmospheric inconsistencies due
to NLDAS-2 Noah–NARR mismatches are minimized.
The LA coupling state for each day during the study
period is classified according to a CTP–HIlow framework
(Findell and Eltahir 2003). The framework was first
modified by Ferguson and Wood (2011) for global ap-
plication using satellite remote sensing, and Roundy
et al. (2013) subsequently improved the framework’s
representation of daily spatiotemporal variability in the
CTP–HIlow state space by incorporating regional his-
toric CTP–HIlow–SM relationships. The Roundy et al.
FIG. 1. (a) The SGP study domain, a 4.58 3 4.58 box centered on the ARM-SGP Climate Research Facility (36.68N, 97.58W; black dot),
overlaid on a map of annual mean P (cm yr21) computed for the period 1979–2014 using NLDAS-2. (b) Monthly P (cm month21; gray
bars), wet-coupling frequency (blue line), and dry-coupling frequency (red line) for the period 1979–2014. (c) Frequency distribution of
coupling event duration (days) for the period 1979–2014. (d) Annual warm-season wet- and dry-coupling event day totals, their filtered
time series (3RSSH, twice; Tukey 1977), and the 1990–2014 wet-coupling trend line (slope of20.45 days yr21 and rejection probability of 0.10).
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(2013) approach is currently the most refined of the
CTP–HIlow classification approaches, and therefore, it is
the one applied here. CTP (J kg21) is defined by the
integral of the area between the temperature sounding
and a moist adiabat originating at 100 hPa AGL and
extended up to 300hPa AGL. The variable HIlow (K) is
the sum of the dewpoint depressions at 50 and 150hPa
AGL. CTP and HIlow are calculated at 1200 UTC (0600
CST) using native NARR data and upscaled to 0.58
resolution, the scale at which coupling classification is
carried out. A given day is classified as wet or dry cou-
pling only if all grid points within the 4.58 3 4.58 SGP
study domain are classified accordingly (i.e., complete
spatial coherence); otherwise, the day is classified as
uncoupled. This approach yields a conservative time
series of coupling in the SGP that is likely to be consis-
tent with other modern reanalyses.
The dry-coupling regime is typified by drier soils and
larger CTP, which tend to support low-level CAPE. In
contrast, for the wet-coupling regime, characterized by
low HIlow and wet soils, afternoon convective initiation
may follow from enhanced low-atmosphere moisture
saturation. For context, 90% of wet-coupling days fall in
the CTP–HIlow range from 255 to 171 J kg
21 and 2.3 to
10.5K, and 90% of dry-coupling days fall in the CTP–
HIlow range from 70 to 273 J kg
21 and 15.4 to 32.1K.
When classification is not uniform over the domain, 90%
of the remaining days fall in the CTP–HIlow range
from 2271 to 213 J kg21 and 5.1 to 30.9K. A funda-
mental expectation for coupling days is that of locally
driven (unforced) afternoon convective triggering
(Findell and Eltahir 2003). In practice, a convention
must be adopted to screen out organized precipitation
(e.g., precipitation persistence; Guillod et al. 2014) from
unforced convective precipitation. Hereafter, we will
focus on the difference between afternoon (1400–1900
CST Day 0) and nonafternoon precipitation (0600–1300
CST Day 0 and from 2000 CST Day 0 to 0500 CST Day
1). Any day for which the afternoon-averaged pre-
cipitation exceeds that of the nonafternoon-averaged
precipitation by 0.01mmh21 or more is deemed an af-
ternoon peak (AP) day. As an aside, 0.01mmh21 is the
33rd percentile of the probability distribution of all
afternoon–nonafternoon precipitation differences. The
hours of 1400–1900 CST are distinguished from the re-
mainder of the day because, during these hours, pre-
cipitation on LA coupling days is correlated with 0600
CST CTP at the 95% confidence level (not shown). In
the interest of clarity, we note that 1400–1900 CST
precipitation corresponds explicitly to the 1300–1859
CST accumulation period.
During the period from 1908 to 2009, tropical cy-
clones (TCs) accounted for 26% of JJA daily extreme
precipitation events in the southern United States
(Texas, Oklahoma, Kansas, Arkansas, Louisiana, and
Mississippi; Kunkel et al. 2012, their Fig. 5). Tominimize
TC impacts on our study, we omit all days for which a TC
track in the second-generation Atlantic hurricane data-
base (HURDAT2; Jarvinen et al. 1984; Neumann et al.
1999; http://www.nhc.noaa.gov/data/#hurdat) passed within
500km of the SGP study domain. The total number of such
days is 84 (or 1.5%) over the 36-yr (1979–2014) period. This
study focuses on the remaining 5424 days.
In the future, the role that frontal systems play in
bringing about afternoon peak precipitation should be
investigated. Just as large-scale moisture transport may
explain wet- and dry-coupling regime transitions, frontal
weather systems may explain a portion of the afternoon
precipitation peak signal. An initial investigation into
this issue using subdiurnal variation in low-level (975–
700 hPa) winds as a surrogate for frontal passage sug-
gests that more fronts pass over dry-coupling afternoon
peak events (not shown).
3. Results
a. Coupling climatology and related synoptic
environments
The CTP–HIlow-based LA coupling climatology for
the SGP domain (see Fig. 1a) is summarized in Figs. 1b–
d. Of the 5424 TC-free days (see section 2), the number
of wet- and dry-coupling days are 581 and 713, re-
spectively. The seasonal distribution of these coupling
days is illustrated in Fig. 1b relative to the monthly pre-
cipitation climatology. Dry-coupling days occurmainly in
July and August, following a sharp mid-June climato-
logical downturn in daily rainfall totals, referred to as the
setup of the ‘‘death ridge’’ (Basara et al. 2013). The fre-
quency of wet-coupling days, on the other hand, is more
uniformly distributed, with relatively higher occurrence
frequencies earlier in the warm season, during May
and June.
Figure 1c illustrates the duration (days) frequency
distribution for all wet- (n 5 362) and dry-coupling
events (n5 356) in the warm season, truncated at 6 days
for succinctness. Note that the majority of coupling
events are short lived; 88% and 76% of wet- and dry-
coupling events, respectively, span 2 days or less. How-
ever, in general, it is more likely for 1- or 2-day coupling
events to be in wet coupling and for longer-lived events
to be in dry coupling. For example, 24% (n5 85) of dry-
coupling events are 3 days or longer, compared to only
12% (n 5 43) of wet-coupling events. There were four
wet-coupling events and six dry-coupling events that ex-
ceeded 6 days in duration. The longest recorded wet- and
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dry-coupling events were 10 and 15 days, respectively
(not shown).
Figure 1d illustrates the year-to-year variability in
wet- and dry-coupling frequencies. A ‘‘3RSSH, twice’’
smoother (Tukey 1977) was used to highlight low-
frequency variability in the two time series. The smoother
consists of a running median of three (3R), two splitting
operations (SS), each of which is followed by a 3R, and
Hanning (H). The smooth of the first pass is then re-
roughed by adding the smooth of a 3RSSH applied to its
residuals. While no statistically significant breakpoints
(Pettitt 1979) exist in either full record, an iterative
search of all subrecord lengths extending backward in
time from 2014 revealed a decline in wet-coupling fre-
quency at the rate of 0.45 days yr21 over the last 25 years
(1990–2014) significant at the 90% confidence level. The
persistence of this trend should continue to be moni-
tored over the coming years.
Through composite analyses, the synoptic-scale envi-
ronments supportive of SGP wet- and dry-coupling re-
gimes may be generalized relative to climatology
(Fig. 2). Specifically, Fig. 2 shows composites of coupling
event lead day (i.e., from 0600 CSTDay21 to 0500 CST
Day 0) 850-hPa geopotential height and precipitation
(Figs. 2b,c) and 850-hPa meridional wind and 850-hPa
specific humidity (Figs. 2e,f) relative to climatology
(Figs. 2a,d). The composites show that days preceding
dry coupling are typified by the presence of a high
pressure system at 850 hPa over the southeasternUnited
States (Fig. 2b), which supports southwesterlies and
westerlies and thereby suppresses northward mois-
ture transport from the Gulf of Mexico into the SGP
FIG. 2. Composite maps of (a)–(c) NLDAS-2 P (shading) and NARR 850-hPa zg (contours) and (d)–(f) NARR
850-hPa q (shading) and 850-hPaV (vectors), averaged over the 24-h period from 0600CSTDay 1 to 0500 CSTDay 0,
which corresponds to the period immediately preceding coupling classification at 0600 CST. All warm-season days
are included in the climatology composites in (a) and (d). The coupling regime determination (i.e., wet or dry
coupling) is made according to the conditions over the SGP domain only (black box). For shaded variables, dots
denote variations from climatology significant at the 95% confidence level. For vectors, the color red denotes dif-
ferences from climatology significant at the 95% confidence level.
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(Fig. 2e). In contrast, days preceding wet coupling are
typified by the presence of a low pressure system at
850hPa stretching from the Rocky Mountains to the
SGP, with a pronounced west–east gradient of the
850-hPa mass field (Fig. 2c). This synoptic pattern sup-
ports increased low-level horizontal moisture flux into
the SGP from the south-southeast (Fig. 2f), which can
act to support precipitation and, in turn, soil moistening
(Figs. 2c; Aires et al. 2014).
Similarly, differences between dry- and wet-coupling
regimes may be framed in terms of the time-averaged
regional PBL atmospheric moisture budget (Fig. 3). The
budget is defined for the volume between 975 and 700hPa

























where the terms on the left-hand side represent (from
left to right) local temporal variation, zonal, meridional,
and vertical divergence of specific humidity, and the
terms of the right-hand side, evaporation E and pre-
cipitation (i.e., P), constitute moisture source and sink
terms. The overbar in Eq. (1) denotes the daily average,
where a day is defined from 0600 CST Day 21 to 0500
CST Day 0 (as in Fig. 2). Related variables and constants
are time t, zonal velocity component u, meridional ve-
locity component y, vertical velocity at pressure co-
ordinate v, and 4.58 3 4.58 SGP domain D. Figure 3
shows that as a group, days preceding wet-coupling
have a significantly greater local change in the PBL
specific humidity qPBL (10.51 g kg
21 day21) as well as
a significantly greater horizontal moisture conver-
gence [2u(›q/›x) 5 10.14 g kg21 day21; 2y(›q/›y) 5
10.35 g kg21 day21] relative to climatology. Conversely,
days preceding dry coupling have significantly en-
hanced zonal moisture divergence [2u(›q/›x) 5
20.71 g kg21 day21] and significantly larger losses at
the entrainment layer [2v(›q/›p)525.23 gkg21 day21]
relative to climatology. The PBL budget terms during dry
coupling also agreewith the result of Lamb et al. (2012) in
that E 2 P is largely balanced by vertical moisture di-
vergence. The SGP is, overall, a source region for atmo-
spheric moisture and as a result serves as a weaker or
stronger magnitude source of moisture during wet- and
dry-coupling regimes, respectively (Fig. 3).
b. Coupling impacts on afternoon peak precipitation
The basis of the CTP–HIlow regime classification is
that local anomalies in the land state (i.e., soil moisture)
can contribute to an anomalous afternoon precipitation
peak. While the climatological diurnal precipitation
cycle for the SGP peaks between the hours of 0000 and
0600 CST, Fig. 4a clearly shows a temporally local AP in
wet coupling and a diminished nocturnal precipitation
peak in dry coupling. For the remainder of this study, we
focus on dissecting these precipitation features that are
sensitive to LA coupling and in particular that of the AP
(defined as occurring between 1400 and 1900 CST).
In Fig. 4, the composite diurnal cycles of precipitation
for various subsamples of wet- and dry-coupling events,
spanning aspects of event duration (i.e., all, 2 days or
longer, and 3 days or longer) and structure (i.e., day 1, 2,
or 3) are presented. An enhanced afternoon pre-
cipitation peak is visually evident for all wet-coupling
subsamples. However, an afternoon peak is not imme-
diately evident for the dry-coupling samples. Accord-
ingly, the conditional probability of AP days, notated
above, is employed to determine the dry- and wet-
coupling subsamples with the highest AP likelihood.
They are found to be the first day of 3-days-or-longer
wet-coupling events (60%AP; Fig. 4d) and the third day
of 3-days-or-longer dry-coupling events (25% AP;
Fig. 4f). Notably, for the 3-days-or-longer dry-coupling
events, anAP centered at 1700 CST (Fig. 4c) renders the
nocturnal peak insignificant at the 95% confidence level.
We investigated the relatively large step shift (signifi-
cant at the 99% confidence level) between 0600 and
0500 CST (on the next day) in dry-coupling samples and
determined that it is attributable to differences between
the average precipitation rate at 0600 on all event-start
days (lower) and that at 0500 CST on all event-end days
(higher).
FIG. 3. Composite warm-season SGP PBL (975–700 hPa) q bud-
get for wet coupling (blue line), dry coupling (red line), and all days
(climatology; black line). From left to right, the moisture budget
terms are local temporal variation (›q/›t), zonal convergence
[2u(›q/›x)], meridional convergence [2y(›q/›y)], vertical conver-
gence [2v(›q/›p)], and source and sink terms [evaporation (i.e., E)
and precipitation (i.e., P)]. Filled circles denote differences from
climatology significant at the 95% confidence level. As in Fig. 2, the
budget is defined for the 24-h period immediately preceding cou-
pling classification, or from 0600 CST Day 1 to 0500 CST Day 0.
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Figure 5 provides the frequency histogram of after-
noon minus nonafternoon precipitation (see section 2)
for all days aswell as the fraction of dry- andwet-coupling
days in each 0.07mmh21 width bin.Whereas Fig. 4 shows
that wet-coupling AP events are more common than dry-
coupling AP events, Fig. 5 shows that their strength, or
the magnitude of the difference in afternoon and non-
afternoon precipitation, is also larger. In all cases, the
afternoonminus nonafternoon precipitation difference in
dry-coupling AP events is less than 0.14mmh21 (Fig. 5).
FIG. 4. Diurnal cycle of NLDAS-2P (mmh21) over the SGP domain as a function of coupling event persistence and type (i.e., wet or dry
coupling). (a) All coupling events (i.e., 1 day or longer); (b) events of 2-days-or-longer duration only; (c) events of 3-days-or-longer
duration only; (d) the first day, (e) second day, and (f) third day of 3-days-or-longer events only; (g) the first day of all events; and (h) the
first day and (i) second day of 2-days-or-longer events only. The warm-season climatological (i.e., all days; sample size n5 5424) diurnalP
cycle is provided for reference (black line). Whiskers denote 95% confidence intervals. The underlying sample size (days) and the
fractional composition of those days with AP precipitation is notated above.
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In other words, at values in excess of 0.14mmh21, there is
zero chance that the AP day is in dry coupling and a 20%
or better chance the AP day is in wet coupling. Figure 5
shows that it ismore likely that anAPevent occurs outside
of a coupling event, which is a potentially misleading con-
sequence of our uniform domain classification requirement
(see section 2). In fact, on a givenAP day, 57% and 36%of
SGP domain grids on average are classified as wet and dry
coupling, respectively, meaning less than 7% of grids are
classified as uncoupled or atmospherically controlled. No
statistically significant trends in AP event frequency were
found for either coupling regime (not shown).
c. Factors influencing AP in coupled regimes
The focus of the study now shifts to identifying ex-
planatory variables for AP occurrence andmagnitude in
coupled LA environments. We start with a set of 17 key
convective, mesoscale, and surface-flux-related vari-
ables and test whether each undergoes a mean shift
between total and AP-only samples (Fig. 6). Most vari-
ables are found to undergo a significant shift in mean
between total (i.e., climatology) and AP-only day sam-
ples. However, the objective is to isolate variables that
capture the role of the land surface, which in this context
implies statistically significant differences between both
the means calculated for wet- and dry-coupling AP day
subsamples relative to their wet- and dry-coupling par-
ent samples, respectively. Only the following six vari-
ables met these criteria: 0600 CST CTP, 850–700-hPa
dT/dz, LFC, 975–700-hPa layer-averaged specific hu-
midity (i.e., qPBL) and SM, and 1200 CST SH (Fig. 6). On
FIG. 5. Frequency distribution of daily differences between
NLDAS-2 afternoon (1400–1900 CST) and nonafternoon (0600–
1300 CST Day 0 and from 2000 CST Day 0 to 0500 CST Day 1) P
computed for the period of 1979–2014 (gray line; right y axis). For
each 0.07mmh21 bin with .10 samples, the fraction of wet- (blue
line) and dry-coupling (red line) days is given (left y axis).
FIG. 6. Mean values of 17 convection and LA coupling relevant variables calculated from samples comprising
(from left to right): all days, days with AP precipitation, all dry-coupling days, all dry-coupling days with AP pre-
cipitation, all wet-coupling days, and all wet-coupling days with AP precipitation. Mean values for AP-only samples
are boldface if they differ from the corresponding all-day (parent) samplemeans at the 95% confidence level. Orange
highlighting denotes variables for which the AP-only sample means differ significantly from their parent sample
means in both dry (red) and wet coupling (blue). The sample size for each sample is given in the column header.
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AP days, 0600 CST CTP, 850–700-hPa dT/dz, and qPBL
tend to be higher and 0600 CST LFC tends to be lower.
The directional relationship between 1200 CST SH and
AP occurrence, on the other hand, is more complex. The
1200 CST SH is suppressed in wet-coupling AP days as
compared to all wet-coupling days and enhanced in dry-
coupling AP days as compared to all dry-coupling days.
The physical underpinnings of the opposing roles of SH in
AP occurrence will be made clear.
Figure 7 shows theAP probabilities for each decile of the
climatological, dry-coupling, and wet-coupling range for the
six variables from Fig. 6 that preceded the AP. It is impor-
tant to note that although theHIlow is not included, the 0600
CSTHIlow, along with the CTP, is required for the coupling
regime classification and differentiating between dry- and
wet-coupling regimes. Figure 7a highlights a clear break-
point at CTP 5 0Jkg21, beyond which increases in CTP
lead to increasing AP probability. Recall that Findell and
Eltahir (2003), in their original CTP–HIlow classification
framework, also deemed CTP , 0Jkg21 conditions too
stable for rain. Figure 7b reveals a convenient 0600 CST
850–700-hPa dT/dz threshold of approximately 6Kkm21
between wet- and dry-coupling samples, consistent with
that used by Frye andMote (2010) to distinguish between
synoptically benign (,6Kkm21) and synoptically prime
($6Kkm21) conditions. Figure 7c shows that AP pre-
cipitation is most likely when the 0600 CST LFC is lower
than approximately 3km. The range of low-level specific
humidity is similar for dry and wet coupling (Fig. 7d);
however, elevated PBL heights (PBLH) in dry coupling
likely limit the likelihood of saturation (and convective
triggering) at low qPBL.
There is an active debate about the preference for rain
over wet versus dry soils (Ford et al. 2015b). Figure 7e
shows that, climatologically, SM alone cannot explain
AP probability—low-level atmospheric moisture (i.e.,
HIlow) and instability (i.e., CTP) are required. Under
dry-coupling conditions, the AP probability increases as
SM decreases. Under wet-coupling conditions, the AP
probability is relatively uniform across the range of SM,
with the exception of a marked decline for the wettest
decile (SM $ 29 kgm22). The existence of such a
FIG. 7. The probability of same-day AP precipitation within each decile of the following six convection and LA
coupling relevant variables selected from Fig. 6: (a) 0600 CST CTP, (b) 0600 CST 850–700-hPa dT/dz, (c) 0600 CST
LFC, (d) 0600 CST qPBL, (e) 0600 CST SM, and (f) 1200 CST SH. The red, blue, and black lines correspond to the dry
coupling (n 5 713), wet coupling (n 5 581), and total (n 5 5424) distributions, respectively.
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breakpoint hints at a possible radiation control that will
be investigated in the following section. Last, Fig. 7f
reveals perhaps the most remarkable finding—that the
role SH plays in AP occurrence varies directionally with
coupling regime. Specifically, the probability of an AP
day declines with increasing SH to a point (i.e.,
;265Wm22) for wet coupling. Further increases in SH
from that point in dry coupling lead to increasingAP day
probability. Previously, Myoung and Nielsen-Gammon
(2010) found a strong statistical relationship between
SM and CIN in the SGP; dry soils can erode CIN much
more efficiently than wetter soils because of increased
SH (see Fig. 6; themean value of CIN of all dry-coupling
days is 240.6 J kg21 and of dry-coupling days with AP is
211.3 J kg21).
d. Radiation and soil moisture controls on AP in
coupled regimes
Figure 8 gets to the crux of how increasing SH may
support AP occurrence in dry coupling and yet inhibit AP
occurrence inwet coupling. In dry coupling, 1200 CST SH
is strongly positively correlated (Fig. 8a; r 5 0.61) with
1200 CST CTP and weakly correlated with 1200 CST
HIlow (Fig. 8b; r5 0.27). Conversely, inwet coupling, 1200
CST SH is strongly positively correlated with 1200 CST
HIlow (Fig. 8b; r5 0.55) and only weakly correlated with
1200 CST CTP (Fig. 8a; r5 0.12). In other words, in dry-
coupling conditions, increases in SH work to trigger af-
ternoon convection through contributing to enhanced
low-level CAPE. In wet-coupling conditions, decreases in
SH are related to increases in low-level moisture that lead
to saturation and eventual convective triggering.
There is yet another SH–AP relationship that requires
an explanation. Relative to the wet-coupling sample,
wet-coupling days with AP have a reduced 1200 CST SH
as well as a reduced 0600 CST SM (Fig. 6). This is an
apparent contradiction if surface heat flux partitioning
is primarily controlled by surface soil moisture. One
hypothesis is that net available radiation (i.e., A)
modifies an SH–SM relationship in wet coupling. Using
scatterplots of SM and A versus SH, we test its validity
(Fig. 9). Although 0600 CST SM is used in Fig. 6, in this
case we use 1200 CST SM for fair comparison with 1200
CST A and 1200 CST SH. The correlation r between
SM and SH in dry coupling is found to be 20.76, ap-
proximately 2 times larger than in wet coupling
(r 5 20.42; Fig. 9a). Likewise, the regression slope m
between SM and SH is 211.9Wkg21 for dry-coupling
days and only 27.6Wkg21 for wet-coupling days. The
correlation betweenA and SH is approximately 2 times
larger (r 5 0.79) in wet-coupling conditions compared
to dry coupling (r5 0.38). The regression slope between
A and SH is 0.56 and 0.41 in wet and dry coupling, re-
spectively. These findings indicate that dry-coupling days
are in an SM-controlled (commonly known as ‘‘soil
moisture limited’’) surface heat flux regime. Conversely,
Fig. 9b shows that wet-coupling days are in a radiation (or
atmosphere)-limited surface heat flux regime.
e. Factors influencing AP intensity in coupled regimes
Each of the variables considered in Fig. 6 was evalu-
ated for a correlation with the AP intensity, defined as
the difference between afternoon and nonafternoon
precipitation. Only 0600 CST CAPE, 1200 CST SH,
FIG. 8. Scatterplots of (a) 1200 CST SH vs 1200 CST CTP and (b) 1200 CST SH vs 1200 CSTHIlow for all days (i.e.,
climatology; gray), dry-coupling days (red), andwet-coupling days (blue). Corresponding correlation coefficients and
regression slopes [J kg21W21 m2 for (a) andKW21 m2 for (b)] are notated. All correlation coefficients are significant
at the 95% confidence level.
FEBRUARY 2016 SONG ET AL . 551
1200 CST EF, and 0600 CST SM were found to be sig-
nificantly correlated with AP intensity (at the 95%
confidence level) in both wet- and dry-coupling regimes
(not shown). The focus was placed on 1200 CST SH and
0600 CST SM because of the following three consider-
ations. First, CAPE is a total column–integrated pa-
rameter that does not specifically weight the land
contribution (i.e., PBL, as does CTP), and its correlation
with AP intensity in both regimes is roughly equal to
that of 1200 CST EF and 0600 CST SM. Second, in both
coupling regimes, the SH–AP intensity correlations are
larger than EF–AP intensity correlations (dry coupling:
r 5 0.19; wet coupling: r 5 0.23) and the LH–AP in-
tensity correlation is insignificant in wet coupling (r 5
0.01). Therefore, the strength of the EF–AP intensity
correlation must derive from SH (not LH). Third, the
concept of the LA coupling process chain begins with a
perturbation of SM.
Figure 10 shows the scatterplots of 1200 CST SH and
0600 CST SM versus the difference of afternoon and
nonafternoon precipitation with corresponding re-
gression lines superimposed. In both coupling regimes,
the intensity of the afternoon peak increases with de-
creasing SH and increases with increasing SM. The
correlation strengths do not vary substantially between
coupling regimes for either variable; the Pearson’s cor-
relations for the dry coupling with AP (wet coupling
withAP) sample are20.21 and 0.19 (20.30 and 0.18) for
1200 CST SH and 0600 CST SM, respectively. What is
remarkable, however, is that the regression slopes are a
factor of 2.9 (0600 CST SM) to 3.7 (1200 CST SH) times
larger for the wet coupling with AP sample compared to
the dry coupling with AP sample.
In Fig. 8a it was shown that increases in 1200 CST SH
correspond with increases in 1200 CST CTP, which in
turn correspond with higher AP occurrence probability
(Fig. 7a). In other words, in dry coupling, AP occurrence
probability increases with increasing 1200 CST SH
(Fig. 7f), butAP intensity decreases with increasing 1200
CST SH (Fig. 10a). The competing contributions of SH
help to explain why the regression slopes are sub-
stantially smaller for dry than wet coupling (Fig. 10) and,
relatedly, why an AP in dry coupling is difficult to dis-
cern in Fig. 4.
Under wet coupling, decreasing 1200 CST SH corre-
sponds with both increased AP occurrence probability
(Fig. 7f) and increased AP intensity (Fig. 10a). Such
complimentary SH contributions may help explain the
predominance of AP days in wet coupling (Figs. 4, 5).
While it has been shown that SH is mainly controlled by
A in the wet-coupling regime (Fig. 9b), Fig. 10b suggests
AP intensity is at least partially affected by 0600 CST
SM through a weaker but still significant SM control on
1200 CST SH (Fig. 9a).
4. Summary and conclusions
This study provides a detailed climatology of warm-
season (May–September) LA coupling at the ARM-
SGP site based on atmospheric reanalysis (NARR) and
offline hydrologic model output (NLDAS-2) for the
most recent 36 years (1979–2014; Fig. 1). On average, it
FIG. 9. Scatterplots of (a) 1200 CST SM vs 1200 CST SH and (b) 1200 CST A and 1200 CST SH for all days (i.e.,
climatology; gray), dry-coupling days (red), andwet-coupling days (blue). Corresponding correlation coefficients and
regression slopes [Wkg21 for (a) and unitless for (b)] are notated. All correlation coefficients are significant at the
95% confidence level.
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is shown that 16 wet-coupling and 20 dry-coupling days
occur annually during the warm season. The majority of
dry-coupling events occur in July and August. Wet-
coupling events, on the other hand, are more uniformly
distributed over the warm season but are more com-
mon in May and June. Dry-coupling events persist
0.4 days longer on average than wet-coupling events.
Since 1990, there has been a marked increase (de-
crease) in dry (wet)-coupling frequency of 0.39 daysyr21
(0.45 days yr21; Fig. 1).
Analysis of the synoptic–mesoscale environments and
PBL moisture budgets for wet- and dry-coupling re-
gimes reveals the dominant role of large-scale moisture
convergence in the region’s precipitation. On initial
consideration, it appears that wet-coupling days are a
result of (zonal and meridional) moisture flux conver-
gence over the region, dry-coupling days are a result of
(zonal and vertical) moisture flux divergence, and the
role of the land surface is nominal (Figs. 2, 3). However,
we found that the land can play an important role in
forcing anomalous afternoon peak precipitation in the
region (Fig. 4). Afternoon peak precipitation is partic-
ularly more apt to occur in a wet-coupling regime and, in
general, the intensity of the afternoon precipitation
peak is much larger during wet-coupling events (Fig. 5).
A search for convective and LA coupling–related
factors that could explain diurnal precipitation cycle
phase change produced a set of six variables: convective
triggering potential, 850–700-hPa lapse rate, level of free
convection, 975–700-hPa layer-averaged specific hu-
midity, sensible heat flux, and 0–10-cm soil moisture
(Fig. 6). Of these six variables, only sensible heat flux
and surface soil moisture were found to correlate sig-
nificantly with the intensity of anomalous afternoon
peak precipitation (Fig. 10). The role of sensible heat
flux in afternoon peak precipitation stood out as unique
among all variables considered because the direction-
ality of the relationship varied as a function of coupling
regime. In brief, the probability of afternoon peak days
is directly correlated with sensible heat flux in dry-
coupling conditions but indirectly correlated with sen-
sible heat flux in wet-coupling conditions (Fig. 7f). With
respect to the magnitude of the afternoon precipitation
peak, decreased sensible heat flux is correlated with
larger afternoon precipitation peaks in both coupling
regimes, but the slope of the regression is distinctly
steeper in wet coupling. Daily varying (soil or low-level
atmospheric) moisture constraints on sensible heat flux
in dry coupling and net available radiation constraints
on sensible heat flux in wet coupling (Fig. 9; e.g., Ruiz-
Barradas and Nigam 2013) are borne out in the form of
subdaily variation in the diurnal precipitation phase and
amplitude. It is through this lens that the role of the local
land on Southern Great Plains precipitation (though
more limited than that of large-scale forcing) is cor-
roborated by our findings. In the future, the robustness
FIG. 10. Scatterplots of (a) 1200 CST SH and (b) 0600 CST SM vs the difference between afternoon P (1400–1900
CST) and nonafternoon P (0600–1300 CST Day 0 and from 2000 CST Day 0 to 0500 CST Day 1) for non-AP dry-
coupling days (pink), AP dry-coupling days (red), non-AP wet-coupling days (gray), and AP wet-coupling days
(blue). Large filled circles denote the composite values for AP dry- and wet-coupling samples, which fall on re-
gression lines corresponding to each sample. Corresponding correlation coefficients and regression slopes
[mmh21W21m2 for (a) and mmh21 kg21 m2 for (b)] are notated for the AP samples—all are significant at the 95%
confidence level.
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of this study’s findings should be tested with other in-
dependent datasets.
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